Introduction
Currently, multiple studies aim on screening for novel diagnostic and prognostic biomarkers in different types of tumors. Molecular markers in combination with clinical features allow better understanding of cancer development and progression compared to only histological examination. 1 A key regulator of cytokinesis, kinesin motor protein KIF23 also known as MKLP1, was proposed to be a potential marker for several tumors.
2 KIF23 overexpression assessed by cDNA microarray or by quantitative reverse transcription-polymerase chain reaction (PCR) was recently shown in lung cancer, breast cancer, gliomas, paclitaxel-resistant gastric cancer, and hepatocellular carcinomas. [3] [4] [5] [6] [7] [8] Notably, the poor survival in patients with several cancer types was associated with KIF23 overexpression. 4, 6, 7 Dysfunctional KIF23 causes a cytokinesis failure leading to appearance of biand multinucleated cells. 9, 10 Recently, we reported on a KIF23 mutation causative of congenital dyserythropoietic anemia type III (CDA III), a rare hereditary disease, 
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Vikberg et al characterized by large multinuclear erythroblasts in patients' bone marrow. 11 Knockdown experiments using KIF23 siRNA and following rescue with mutant P916R KIF23 in HeLa cells resulted in cytokinesis failure with bi-nucleated cells present. 11 Moreover, cancer diagnosis was overrepresented among CDA III patients in the Swedish family. It might be due to the effect of mutated KIF23 on cytokinesis resulting in polyploid cells, a feature associated with a risk for carcinogenesis. 12 In this study, we hypothesized that overexpression of KIF23 might be explained by the presence of activating somatic mutations or genomic amplifications. For this purpose, we conducted direct sequencing of KIF23 and copy number analysis by genome-wide genotyping in non-smallcell lung cancer (NSCLC) samples exhibiting high level of KIF23. Along with our experiments, we browsed the cBioPortal for Cancer Genomics and Catalogue of Somatic Mutations in Cancer (COSMIC) in order to retrieve KIF23 mutations spectrum in cancer analyzed by whole exome sequencing (WES).
Materials and methods
NSCLC patients were part of the study 3 on identification of new NSCLC biomarkers by whole-genome gene expression microarray (Illumina, San Diego, CA, USA). Fifteen samples with elevated expression of KIF23 were selected for the current study (Table 1) . Tumor samples were examined by a pathologist, and the samples rich in content of tumor cells were selected for DNA extraction using a NucleoSpin ® Tissue kit (Macherey-Nagel, Düren, Germany). Corresponding DNA extracted from peripheral blood was available for some of the patients. An informed written consent for genetic analyses of biological samples was obtained from all patients, and the Ethics Review Committee on Human Research of the University of Tartu, Estonia approved the project. All samples analyzed at Umeå University were anonymized and did not contain any personal identification information.
sanger sequencing
For bidirectional sequencing of KIF23 (NM_138555.3) coding exons and adjacent intronic sequences were amplified from genomic tumor DNA. Primers were designed with Primer3 software and are available upon request. Sequence primers for cell cycle genes homology region (CHR) in KIF23 promoter were 5′-ACCTCAAGATCTCCCTCCAGforward and 5′-CCGGCAGCAAGAACTAGAAC-reverse. PCR amplification was carried out using AmpliTaq ® DNA polymerase enzyme system (Applied Biosystems, Waltham, MA, USA). An amount of 30 ng of tumor DNA was amplified in a 15 µL PCR mix containing 3 nmol dNTPs, 1× PCR Buffer II, 4.5 nmol MgCl 2 , 2% dimethyl sulfoxide, 0.45 U AmpliTaq Gold, and 3 pmol of each M13 tagged primer. PCR was performed using Veriti ® 96 Well Thermal Cycler (Applied Biosystems) with ramp time set to 50%. PCR included denaturation at 95°C for 10 minutes, followed by a touchdown step for 7 cycles (denaturation at 95°C for 30 seconds, annealing at 64°C to 1°C/cycle for 30 seconds, elongation at 72°C for 45 seconds), cycling step for 40 cycles (denaturation at 95°C for 30 seconds, annealing at 58°C for 30 seconds, elongation at 72°C for 45 seconds), followed by a final elongation at 72°C for an additional 10 minutes. Amplicons for exon 7 and 17 were . PCR product of 1.0 µL was used in a 10 µL sequencing reaction as well as 0.5 µL BigDye Terminator reaction mix, 1× sequencing buffer, and 3.2 pmol of M13 tagged primer. Reactions were cycled according to manufacturer's instructions. Sequencing reactions were separated using ABI 3730xl DNA Analyzer (Applied Biosystems). Raw data were analyzed using DNA Sequencing Analysis Software v5.1 (Applied Biosystems) and then aligned and evaluated using Sequencher software version 4.9 (Gene Codes Corporation, Ann Arbor, MI, USA). All sequence variants were described according to the nomenclature recommended by Human Genome Variation Society by using GRCh37/hg19 as reference. To predict the impact of sequence variants, the Alamut software version 2.9 (Interactive Biosoftware, Rouen, France) was applied. Variants detected in intronic sequences were analyzed with the splice site prediction programs: GeneSplicer, Splice Site Finder, MaxEntScan, Human Splicing Finder, and NNSPLICE, all included in Alamut package. Population frequency of KIF23 sequence variants was obtained from NHLBI (National Heart, Lung, and Blood Institute) Exome Sequencing Project (ESP) or Exome Aggregation Consortium.
Mutations in KIF23 gene in tumors were retrieved from cBioPortal for Cancer Genomics 13, 14 and from COSMIC. 15 snP array genome-wide genotyping
High-resolution genome-wide single nucleotide polymorphism (SNP)-array genotyping was applied for identification of DNA copy number alterations (CNAs) in 10 NSCLC cases. DNA was genotyped according to manufacturer's instructions on a SNP microarray (HumanOmniExpress-24 BeadChip, Illumina) containing more than 715,000 SNPs. The data were analyzed using GenomeStudio software (Illumina) and cnvPartition 3.2.0 was applied for CNAs detection by retrieving log R ratio (LRR) and the B allele frequency (BAF). LRR is the ratio between the observed and the expected probe intensity. A region without evidence of CNA shows an LRR around zero, and BAF 0, 0.5, or 1 correspond to the genotypes AA, AB, and BB. Human genome build 19 was used for assigning chromosome positions.
Results

Mutation screening
Tumor DNA from 15 NSCLC patients with elevated level of KIF23 was available for mutation screening ( Figure 1 ). Detailed characteristics of these cases are shown in Table 1 . In short, the age of the NSCLC patients (14 males and 1 female) ranged from 44 to 80 years (mean 65 years). Histologically, Figure 1 relative expression of KIF23 in nsclc and noncancerous lung samples from the study. Notes: nsclc samples with the highest KIF23 expression analyzed in the present work are indicated with black circles. expression level was detected using illumina, human-6 microarrays, quantile-normalized, and log2-transformed as described.
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Vikberg et al the tumors were presented in situ adenocarcinoma (n=2) and squamous cell carcinoma (n=13).
somatic KiF23 mutations
DNA was extracted from the tumors with high content of cancer cells; therefore, we undertook Sanger sequencing as a method with detection level high enough for mutation detection in these samples. DNA from 15 NSCLC cases was available for Sanger sequencing. All samples were found to harbor eight sequence alterations, six intronic (introns 2, 5, 6, and 14) and two exonic (exons 14 and 17). Genomic locations, frequencies, and bioinformatics prediction are shown in Table 2 . Three of the changes (c.454-14delT, c.564-3delT, and c.1555+50delT) present in all NSCLC cases were deletions of a single T in the chain of 12-13 T; therefore, five control-DNA from healthy individuals were sequenced. Control sequences were identical to tumor sequences; thus, these three variants represent either a common sequence variant or a result of problematic sequencing of long-stretch repetitive DNA and, therefore, considered unable to cause overexpression of KIF23 in these samples.
Two case-specific sequence changes were detected in cases 16, 68, and 108 (Table 2) . Variant c.82-112C.G in intron 2 (case 68) and synonymous change c.1326A.C, p.(V442=) (cases 16 and 108) have been previously detected by WES and reported in NHLBI ESP. Case-specific sequence variants are shown in Figure 2 . We also tested those two casespecific variants in the corresponding DNA extracted from peripheral blood of the patients. c.82-112C.G was detected only in tumor tissue. c.1326A.C was present in both tumor and peripheral blood in the patient 108. Notably, patient 16 was heterozygous for this variant in peripheral blood but, probably, hemizygous for an A allele in the tumor.
chr sequencing
Recently, it was shown that reduction of KIF23 expression of the mRNA and the protein level in different cell types is regulated by p53. 16 The introduction of the mutations into the highly conserved CHR in the KIF23 promoter (TTTGAA) resulted in a significant increase of KIF23 promoter activity. [16] [17] [18] Thus, we speculated whether the patients included in our study with increased KIF23 level carry any CHR mutations.
Nine NSCLC samples (15, 52, 73 , 87, 104, 105, 108,109, and 114; Table S1 ) were subjected to Sanger sequencing of the CHR in KIF23 promoter. Wild-type sequence was detected in all tumors and corresponding peripheral blood samples ( Figure S1A ).
Dna copy number alterations
CNAs were analyzed by using high-resolution genome-wide genotyping of SNP-array technology (Illumina). All NSCLC cases tested showed extensively aberrant karyotypes, with large gains and losses involving even entire chromosomes (Tables S1 and S2; Figure S2 ). Average number of CNAs detected by cnvPartition frequency was 112 (n=10) ranging from 43 to 172 excluding case 87 with 11 CNAs detected (Table S1 ). Additional copy of chromosome 15 where KIF23 resides was detected in nine NSCLC cases examined (Figure 3) . B-allele indicated presence of a third copy of chromosome 15. No CNAs were detected specifically at KIF23 locus (15q23).
Discussion
In this study, we investigated whether the somatic mutations in the KIF23 gene potentially present in NSCLC might explain protein overexpression. Fifteen cases of NSCLCs with high level of KIF23 expression were examined in regard to sequence changes and DNA CNAs. We considered that high percentage of cancer cells in our samples would allow mutation detection by Sanger sequencing, despite limited sensitivity for mutation detection in tumor samples representing heterogeneous mixture of normal and cancer cells. By assessment of CNAs by high-resolution genome-wide genotyping, we aimed to investigate whether KIF23 locus (15q23) was possibly amplified.
Recent publications highlighted role of KIF23 in cancer development and proposed KIF23 to be a potential biomarker for cancers with poor outcome.
3-7 KIF23, also known as MKLP1, is a member of the kinesin-like protein family, which interacts with Aurora family protein kinases, regulates cell division, and ensures proper cytokinesis. 19 We reported KIF23 mutation, p.P916R, as a genetic cause of a rare hereditary form of anemia, CDA III. The disease characterized by giant multinuclear erythroblasts in patients' bone marrow is due to cytokinesis failure proven in knockdown experiments in HeLa cells. 11 Correct performance of cell division is crucial for stable maintenance of the genome while a failure of cytokinesis might lead to aneuploidy and genomic instability, often associated with cancer, and probably representing initial step in cancer development. 12 Notably, the incidence of blood cancer such as myeloma is higher in a large Swedish family with CDA III than a general population risk. 11, 20, 21 By means of next generation sequencing, many tumors have been investigated in order to understand molecular mechanisms of cancer, and identify diagnostic and prognostic biomarkers. A mutation analysis of 3281 tumors from 12 cancer types revealed mutations in seven cell cycle genes among 
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Mutation analysis and copy number alterations in non-small-cell lung cancer 127 significantly mutated, 22 though KIF23 was not one of them. Nevertheless, in the study of 16 families with colorectal cancer among 375 missense single nucleotide variants, a rare KIF23 variant, c.2011C.T, p.R671W segregated with the disease in one family 23 (Table 2) . Furthermore, mutations in KIF23 were also found in melanoma cell lines derived from metastatic lesions patients 24 (Table 2) . Currently, by WES, 136 mutations in KIF23 have been detected in a range of tumours 13 available via cBioPortal for Cancer Genomics. Majority of the mutations scattered all over the gene are missense mutations with five nonsense mutations and two mutations affecting splicing. A total of 123 mutations were submitted to COSMIC. KIF23 mutations were detected in a half out of 38 cancer types tested with minimum frequency 0.07% in hematopoietic and lymphoid tissues, and maximum mutation frequency of 2.03% in stomach. All tested tumor types (20 out of 38) confirmed upregulation of KIF23. Three out of ten tumors analyzed for CNAs showed gain, two confirmed loss, and five had both gain and loss.
In our study, we found in total ten sequence variants, eight were present in all NSCLC samples while two additional variants were found in three cases. One of those variants was present only in tumor DNA and not in blood. The bioinformatics tools retrieved predicted effect of all variants detected in this study. Three variants in exons were synonymous and did not cause amino-acid change although two of them (c.1326A.C and c.1977C.T) were predicted to have some effect on splicing. Variant c.564-3delT might affect splicing resulting in skipping of exon 7 though located in the chain of 12 Ts, it is difficult to assign this change to exact sequence position, and to exclude sequencing error. Bioinformatics tools such as Human Splicing Finder, SpliceSiteFinder, and ESE predict some changes in splicing factors binding sites for two other intronic variants found in this study (Table 2) . Despite the prediction of subtle changes in splicing signals, the possible effect of those two variants cannot be completely neglected without further functional studies.
Intronic variant c.564-10C.T (rs7180624) was reported as somatic mutation in a living organoid of a patient with colorectal cancer; 25 however, this variant was present in all NSCLC samples and healthy control cases in this study. None of the mutations reported in lung cancer on BioPortal, E203Q, D211Y, L525V, X188splice, G869W, and P415H were present in any of our samples. 13 Recently, it was shown that p53 indirectly represses transcription of the cell cycle genes including KIF23 via p53-p21-DREAM-CDE/CHR pathway.
17 p53 wild-type downregulates KIF23 expression at mRNA and protein levels by regulation of KIF23 promoter activity, and the CHR is the crucial element mediating p53-dependent repression of KIF23 expression. 16 The increased KIF23 levels in this study could be explained by p53 mutations or deletions or mutations in the CHR in KIF23 promoter. We observed a slight but not significant correlation between KIF23 and TP53 expression ( Figure S1B ) and investigated the presence of CHR mutations. None of the examined samples were positive for the CHR mutations.
Since the sequence variants in our NSCLC cases were absent, previously reported, had high frequency in general population, or lacked convincing predicted impact on splicing or protein function, we investigated CNAs in these patients. Ninety percent of NSCLC were found to contain an additional copy of entire chromosome 15 without amplification of KIF23 locus at 15q23. Therefore, overexpression of KIF23 might be due to extra chromosome 15 in nine out of ten NSCLC patients examined here.
Conclusion
Importance of KIF23 as a key player in cytokinesis and chromosome segregation during cell cycle for cancer development is undeniable. Overexpression of KIF23 in several different cancer types promotes tumor cell proliferation, and also downregulation of KIF23 decreases proliferation of glioma and lung cancer cells, 4, 6 indicating its potential as a prognostic biomarker and therapeutic target. Sequence alterations in KIF23 detected in this study might represent "passenger" mutations with no obviously causative role for cancer progression, though further investigations in larger data sets are required, and more data mining should be done in the future.
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